Background: Pulmonary function testing is an integral part of evaluating patients who are being considered for cardiac transplantation. The accurate measurement of diffusing capacity (DLCO) and alveolar volume (VA) is dependent on a 10-s breath-holding maneuver that may be difficult for patients with congestive heart failure to perform. The intrabreath (IB) technique is not dependent on a breath-holding maneuver and may provide more accurate pulmonary function testing results in chronically debilitated patients. Methods: Seventy-five patients performed maneuvers with IB and single-breath (SB) techniques during evaluation for heart transplantation and at 3 and 12 months following transplantation. The DLCO, VA, and total lung capacity (TLC) were compared using Pearson correlation coefficients, a Student t test, and intercorrelation coefficients. Results: The DLCO and VA, when determined with the IB technique, had excellent correlations to the SB technique over all ranges of DLCO values. VA values that were determined by the IB technique were greater than those determined by the SB technique and more closely approximated the TLC values. The satisfactory correlation between the two techniques was maintained when DLCO was corrected for VA. However, due to the lower values for VA as determined by the SB method, the corrected measurements were consistently higher for the SB technique. Conclusion: Pulmonary function can be measured accurately in a population of patients with long-standing congestive heart failure, both before and after cardiac transplantation, using the IB technique. Furthermore, the IB technique may provide a more accurate measurement of VA.
P
ulmonary function testing is an essential part of the evaluation process of patients being considered for cardiac transplantation. Patients with severe congestive heart failure may have a restrictive or obstructive ventilatory defect with a decreased diffusing capacity of the lung for carbon monoxide (Dlco) that remains depressed following transplantation. 1, 2 However, accurate measurements of Dlco and alveolar volume (VA) using the single-breath (SB) technique are dependent on the performance of a breath-holding maneuver lasting 10 s. This is quite difficult for patients with long-standing congestive heart failure and may lead to erroneous measurements or an inability to complete pulmonary testing to American Thoracic Society (ATS) standards. Conversely, the intrabreath (IB) technique of determining Dlco does not require a breath-holding maneuver, and may be easier for dyspneic and debilitated patients to perform. 3 However, its accuracy has never been validated in a patient population with severe congestive heart failure or following heart transplantation. This study examines the correlation between the IB and SB techniques in patients with severe congestive heart failure, both before and after undergoing cardiac transplantation.
Patients and Methods

Patient Population
Our patient cohort consisted of a total of 75 patients who were referred to the London Health Sciences Centre, University Campus, from February 1993 to January 1998. These patients were being assessed for cardiac transplantation secondary to end-stage heart failure that was refractory to medical management. Patient demographics are shown in Table 1 . Age and spirometry values are presented as the mean Ϯ SD. Forty-four patients were evaluated as a part of their pretransplant evaluation. Fifty-four patients were evaluated at 3 months posttransplant, and 39 were evaluated at 1 year posttransplant.
Pulmonary Function Testing
The IB and SB techniques for determining Dlco were performed sequentially (model 2200; SensorMedics; Yorba Linda, CA). Methane was used as an inert tracer to simultaneously measure VA. The total lung capacity (TLC) was determined by N 2 gas dilution. The equipment was calibrated daily according to ATS recommendations using a 3-L syringe. 4 The software used the Jones and Meade 5 method for the measurement of breath-holding time. The SB technique was performed in accordance with the guidelines of the ATS including a 10-s breath-hold at TLC. 4 The IB technique is performed in the same way until the point of breath-holding. However, instead of a 10-s breath-hold, the patient immediately begins to exhale slowly at a constant rate to residual volume. 3, 6 The exhaled IB target flow rate was 500 mL/s (acceptable range, 300 to 600 mL/s). No ATS standards exist for the IB technique. Therefore, the ATS criteria for inspired vital capacity and inspiratory time were used. No patients who could perform testing to meet the ATS standards were excluded from the analysis. Exclusion criteria included the following: extreme illness preoperatively precluding pulmonary function testing; inability to meet ATS standards during pulmonary function testing; and inability to perform follow-up testing in the postoperative period.
Data Analysis
As both the IB and SB techniques were performed for each patient with each set of pulmonary function tests, these were directly compared. The correlation between the IB and SB methods was determined using Pearson correlation coefficients. These were calculated for the Dlco, VA and Dlco/VA ratio at each time point (ie, pretransplant, and 3 and 12 months postoperatively). A Student t test determined whether there was a difference among the values of Dlco, VA, and Dlco/VA ratio at each time point. A p value of Ͻ 0.05 was considered to be significant for both tests. An intracorrelation coefficient (ICC) with a 95% confidence interval was calculated as a measure of agreement between the values obtained with the IB and SB techniques.
Results
There was an excellent correlation between Dlco values determined by the IB and SB techniques when performed both pretransplant and at 3 and 12 months following transplantation by both Pearson correlation coefficients and ICC (Table 2 ). This correlation was true for all values of Dlco (Fig 1) .
The mean values at 3 and 12 months posttransplan- tation were not significantly different (Table 2) . VA values measured by both techniques had an excellent correlation (Table 2) . However, the VA values were significantly higher when measured using the IB method compared to the values derived for the SB technique (p Ͻ 0.0001 for all time periods). Overall, however, ICCs demonstrated a good-to-excellent agreement between the two sets of volumes. When the VA values were compared to the TLC, once again there was an excellent correlation between the values obtained using the IB and SB methods ( Table 2 ). The VA values determined by the IB method, however, more closely approximated the TLC than those determined by the SB method (Fig 2) . This is demonstrated with the overall excellent agreement between the TLC and VA values with the IB technique compared to a good agreement with the SB technique ( Table 2 ). The good-toexcellent correlation between values using the two methods was maintained when the Dlco values were corrected for VA (Table 2) . Once again, due to the lower VA values measured with the SB technique, the corrected Dlco values were consistently lower for the IB technique (p Ͻ 0.0001 for all time periods).
Discussion
The objective of this study was to compare the IB technique with the traditional SB method for measuring Dlco and VA in patients with severe congestive heart failure before and after cardiac transplantation. The data indicated that Dlco, when determined by the IB method, had a good correlation with the SB method. This was also true for VA. However, the correlation between VA and TLC was better with the IB technique than for the SB method.
Pulmonary function is frequently impaired in patients with congestive heart failure. 2,7-10 A restrictive ventilatory pattern may be secondary to the presence of cardiomegaly, pleural effusions, pulmonary venous congestion, impaired alveolar perfusion, and interstitial edema. Pulmonary function testing, including the determination of Dlco, is a standard component of determining a patient's candidacy for heart transplantation. Dlco has traditionally been determined using the SB technique. This includes a standardized 10-s breath-hold of an inspired vital capacity of at least 90% of the best previously measured vital capacity. 4 This maneuver may prove to be difficult to perform for patients with chronic disease states, such as congestive heart failure, and may result in an inability to complete the testing or in errors in measurements. The IB technique, by comparison, is not dependent on a breath-holding maneuver and is easier for debilitated or dyspneic patients to perform.
The determination of Dlco with the IB method demonstrated an excellent correlation with the SB technique over all ranges of Dlco. These findings are similar to those of Kiss et al 6 and Wilson et al, 3 who examined subjects with normal and obstructive ventilatory function. VA values were significantly higher when determined by the IB technique. Jansons et al 11 have demonstrated that the SB method increasingly underestimates residual volume with increasing amounts of unequal ventilation when compared to the rebreathing method. Therefore, the SB technique may be consistently underestimating the VA in this patient population. To determine which was more accurate at measuring VA, the methods were compared to the TLC, which was calculated by gas dilution. The VA values, as determined by the IB technique, were in closer agreement to the TLC than were the SB values. This relationship was consistent for the three different follow-up periods. Kiss et al 6 found that VA is a closer approximation of the TLC when it is determined using the IB technique vs the SB technique in obstructed patients. The reason for this improved correlation is not clear but may be due to the less demanding nature of the IB testing, making this method easier for debilitated or dyspneic patients to perform. Similarly Dlco/VA ratio tended to be lower for the IB technique than for the SB method. This would be expected with the smaller VA values that were determined with the SB method. However, there was still a good correlation between the two. Furthermore, these good-toexcellent correlations exist for the posttransplant period, as well as for the pretransplant period, and are consistent for all ranges of Dlco or VA.
Conclusion
The determination of the Dlco and the VA using the IB technique is accurate in patients with both severe end-stage heart failure and following cardiac transplantation. The VA as measured by the IB technique correlates better with the TLC than when it is determined by the SB technique. Therefore, the IB method may be a more accurate technique of measuring VA in this patient population. Furthermore, the IB technique is a less demanding test for ill patients to perform, and has greater patient acceptance and compliance.
